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ABSTRACT
We constrain the spectral index of polarized synchrotron emission, βs, by correlating the recently released 2.3 GHz S-Band Polariza-
tion All Sky Survey (S-PASS) data with the 23 GHz 9-year Wilkinson Microwave Anisotropy Probe (WMAP) sky maps. We sub-divide
the S-PASS field, which covers the Southern Ecliptic hemisphere, into 15◦ × 15◦ regions, and estimate the spectral index of polarized
synchrotron emission within each region using a simple but robust T–T plot technique. Three different versions of the S-PASS data
are considered, corresponding to either no correction for Faraday rotation; Faraday correction based on the rotation measure model
presented by the S-PASS team; or Faraday correction based on a rotation measure model presented by Hutschenreuter and Enßlin.
We find that the correlation between S-PASS and WMAP is strongest when applying the S-PASS model. Adopting this correction
model, we find that the mean spectral index of polarized synchrotron emission gradually steepens from βs ≈ −2.8 at low Galactic
latitudes to βs ≈ −3.2 at high Galactic latitudes, in good agreement with previously published results. Finally, we consider two special
cases defined by the BICEP2 and SPIDER fields, and obtain mean estimates of βBICEP2 = −3.22 ± 0.06 and βSPIDER = −3.21 ± 0.03,
respectively. Adopting the WMAP 23 GHz sky map bandpass filtered to including angular scales only between 2◦ and 10◦ as a spa-
tial template, we constrain the root-mean-square synchrotron polarization amplitude to be less than 0.03 µK (0.009 µK) at 90 GHz
(150 GHz) for the BICEP2 field, corresponding roughly to a tensor-to-scalar ratio of r . 0.02 (r . 0.005), respectively. Very similar
constraints are obtained for the SPIDER field.
Key words. ISM: general – Cosmology: observations, polarization, cosmic microwave background, diffuse radiation – Galaxy:
general
1. Introduction
The field of observational cosmology has undergone a dramatic
transformation during the last decades. The main driving force
behind these developments has been rapidly improving instru-
mentation across the electromagnetic spectrum. This holds par-
ticularly true for measurements in the microwave range, which
are essential for mapping the cosmic microwave background
(CMB), an after-glow from the Big Bang. Such observations
constrains cosmological parameters and models to sub-percent
accuracy, as most prominently to date was demonstrated by
the European Space Agency’s (ESA’s) Planck satellite mission
(Planck Collaboration I 2018; Planck Collaboration VI 2018).
While detailed measurements of the CMB temperature and
polarization fluctuations already have transformed physical cos-
mology, it further holds the promise of providing a unique win-
dow toward the physics taking place during the first tiny fraction
of a second after the Big Bang. Specifically, according to the
current standard cosmological concordance model, a quantum
mechanical process called inflation (see, e.g., Liddle 1999, and
references therein) took place shortly after the Big Bang during
which the effective length scale of the universe increased by a
factor of 1028 or more during some 10−34 seconds. As a result of
this process, spacetime was violently stretched and twisted, and a
background of so-called primordial gravitational waves was ex-
cited. These gravitational waves later warped spacetime during
? Corresponding author: U. Fuskeland; unnif@astro.uio.no
the epoch of recombination, stretching space in one direction and
compressing in the orthogonal direction, and created a particular
unique signal in the CMB field that today may be observed in
the form of so-called B-mode polarization (e.g., Zaldarriaga &
Seljak 1997).
Robustly detecting this polarization signature would provide
cosmologists with a unique opportunity to constrain physics at
the Planck scale. Unfortunately, the expected amplitude of the
signal is very small for currently viable theories, ranging up to
no more than 100 nK on large angular scales, and probably sig-
nificantly less (BICEP2 Collaboration et al. 2018). While these
amplitudes are well within the capabilities of modern detectors
in terms of raw noise performance, another issue complicates
the picture considerably, namely foreground emission from in-
terstellar particles situated within the Milky Way. In particular,
relativistic electrons moving within the Galactic magnetic field
emit polarized synchrotron emission, whereas small vibrating
dust grains aligned by the same magnetic field emit polarized
thermal emission. Both these foreground signals are very likely
orders of magnitude brighter than the primordial gravitational
wave signal on large angular scales (Planck Collaboration IV
2018).
Robustly distinguishing between the primordial and the lo-
cal polarization signals is among the key challenges of modern
CMB cosmology, and great efforts are spent both on establishing
observational constraints on the various effects, and to develop
efficient computational and statistical methods to analyze the re-
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sulting data (e.g., Leach et al. 2008, and references therein). So
far, relatively stronger constraints have been derived for polar-
ized thermal dust than for synchrotron, largely because the de-
tectors needed to probe the relevant frequency range are smaller,
cheaper, and more sensitive than the corresponding detectors re-
quired to probe synchrotron. Among the best examples of this
are the Planck 217- and 353-GHz channels, which have revolu-
tionized our understanding of polarized thermal dust in the CMB
frequency range (Planck Collaboration et al. 2015).
Until very recently, the Wilkinson Microwave Anisotropy
Probe (WMAP; Bennett et al. 2013) 23 GHz and Planck 30 GHz
(Planck Collaboration II 2018) frequency channels provided the
strongest constraints on polarized synchrotron emission. How-
ever, in March 2019 the first sky maps from the S-Band Po-
larization All Sky Survey (S-PASS; Carretti et al. 2019) were
publicly released, providing a clear image of synchrotron emis-
sion in both intensity and polarization as observed at 2.3 GHz.
This map covers most of the Southern Celestial sphere (dec <
−1◦), for a total sky fraction of 48.7%. A total of 98.6% of all S-
PASS pixels have a reported polarization signal-to-noise higher
than 3. This makes S-PASS an excellent complement to WMAP
and Planck, and jointly they should provide strong constraints
on polarized synchrotron emission in the microwave regime. In-
deed, an early analysis of this type has already been presented
by Krachmalnicoff et al. (2018).
However, while the S-PASS data contain a wealth of in-
formation on synchrotron emission, their utility is significantly
complicated by Faraday rotation (e.g., Beck et al. 2013). First
discovered by Michael Faraday in 1845, this effect causes the
rotation of the plane of polarization of an electromagnetic wave
in the presence of a magnetic field. The effect is proportional
to the strength of the magnetic field, and also proportional to
the square of the wavelength of the wave. In an astrophysical
setting, the Faraday rotation effect is therefore stronger for low
frequencies and at low Galactic latitudes. For instance, while the
magnitude of the effect is typically a few degrees at 23 GHz, it
can be many hundreds of degrees at 2.3 GHz along the Galactic
plane. Even at high Galactic latitudes, it can be several tens of
degrees at this low frequency.
The magnitude of the Faraday rotation effect is typically
quantified in terms of the rotation measure (RM), which is sim-
ply the proportionality constant that scales the square of the
wavelength. Several models have been derived for the rotation
measure, and in this paper we will consider and quantitatively
compare three different models. The first is simply assuming no
Faraday rotation at all, i.e., RM = 0. This corresponds to the
analysis setup adopted by Krachmalnicoff et al. (2018), who did
not explicitly correct for the Faraday effect, but instead masked
regions for which the effect was considered significant. Our sec-
ond model is that derived by the S-PASS team as part of the data
release (Carretti et al. 2019). This model was derived as a joint
fit to the S-PASS, WMAP 23 GHz, and Planck 30 GHz data
sets. Our third and final model is that derived by Hutschenreuter
& Enßlin (2019) through a Bayesian analysis of extra-galactic
point sources and the Planck free-free map.
Throughout this paper we use a convention for polarization
angles (PA) where PA is 0◦ for vectors pointing north and in-
creases westward. The same convention is used in experiments
like WMAP and Planck, and differs from the IAU convention
used in the S-PASS experiment where the PA increases eastward.
The rest of the paper is organized as follows. In Sect. 2 we
briefly describe the data used in this paper, and in Sect. 3 we
provide details on the Faraday rotation models we employ. The
algorithms used to estimate the spectral index are described in
Sect. 4, while the main results are presented in Sect. 4.2. In
Sect. 4.3 we consider two special cases, namely the BICEP2 and
SPIDER fields, both of which are covered by S-PASS. Finally,
we conclude in Sect. 5.
2. S-PASS and WMAP data
The main goal of this paper is to estimate the synchrotron spec-
tral index exploiting the statistical power of the recently re-
leased S-PASS sky map. To complement this map, we choose the
WMAP 23 GHz sky map (Bennett et al. 2013), simply because
it has higher signal-to-noise to polarized synchrotron emission
compared to other available alternatives, most notably the Planck
30 GHz channel (Planck Collaboration I 2018).
First, we note that the S-PASS data were collected with the
Parkes radio telescope, and therefore covers the southern celes-
tial sky at dec < −1◦, whereas the WMAP data are all-sky. As
such, we apply an analysis mask, and consider only pixels within
the S-PASS coverage, for a total of 48.7 % of the sky.
Second, the S-PASS sky map has a native angular resolution
of 8.9’ FWHM, whereas the WMAP 23 GHz sky map has a reso-
lution of 53’ FWHM. Further, the two maps are pixelized on dif-
ferent grids, as S-PASS is defined on a HEALPix1 (Górski et al.
2005) grid with Nside = 1024 (3.4’ pixel size), while WMAP is
defined on an Nside = 512 (6.7’ pixel size) grid. Our analysis
requires both maps to be smoothed to a common angular reso-
lution and pixelized with the same grid, and we therefore adopt
a common resolution of 1◦ FWHM and Nside = 64 (55’ pixel
size). Such a coarse pixel size ensures that neighboring pixels are
only weakly correlated, and since no subsequent spherical har-
monics transforms are involved in the analysis, operating with
non-bandwidth limited maps is not a concern for this particular
analysis.
For S-PASS we adopt an effective frequency of 2.303 GHz
(Carretti et al. 2019), while for the WMAP 23 GHz sky maps we
adopt an effective frequency of 22.45 GHz, corresponding to the
effective frequency of a synchrotron spectrum scaling as ν−3 in-
tegrated over the WMAP bandpass (Page et al. 2003). At the low
frequencies discussed in this paper, other sources of polarized
emission (thermal dust being the dominant one) have a signal
of about one per cent of that of the synchrotron emission at a
frequency of 23 GHz, while at the S-PASS frequency they are
totally negligible. We therefore assume that both maps contain
only polarized synchrotron emission and noise.
The top row of Fig. 1 shows the WMAP sky map smoothed
to 1◦ FWHM, while the second row shows the corresponding S-
PASS sky map. Left and right columns show the Stokes Q and
U parameters. As already noted in the introduction, we adopt
the same convention for the polarization angles as WMAP and
Planck. This is different from the S-PASS convention, for which
the polarization angle increases eastward. To account for this dif-
ference, we multiply the S-PASS Stokes U parameter by −1.
By eye, one can clearly see a strong correlation between
the S-PASS and WMAP sky maps at high Galactic latitudes.
However, at low latitudes there are also major differences. Most
notably, while WMAP exhibits a strong Q component, indicat-
ing a structured magnetic field oriented parallel to the Galac-
tic plane, the S-PASS map has virtually no signal in the Galac-
tic plane. This is a typical signature of Faraday rotation, which
effectively rotates the polarization angle for a given emission
source through a random angle before arriving at our location
in the Milky Way. When integrating over many such sources,
1 http://healpix.jpl.nasa.gov
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Fig. 1. Comparison of main sky maps used in this analysis. From top to bottom, rows show the 23 GHz WMAP map (top row); the raw 2.3 GHz
S-PASS (second row); the same S-PASS sky map, but corrected for Faraday rotation using the RM-SPASS (Carretti et al. 2019) model (third row);
and the difference between the raw and the corrected S-PASS maps (bottom row). Left and right columns show the Stokes Q and U component,
respectively. All maps are smoothed to a common angular resolution of 1◦ FWHM, and all maps are plotted in brightness (Rayleigh-Jeans)
temperature units.
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Fig. 2. Predicted Faraday rotation angle, φRM, at 2.3 GHz for the two
models considered in this paper. The top panel shows the RM-SPASS
model (Carretti et al. 2019), while the middle panel shows the RM-
HM model (Hutschenreuter & Enßlin 2019). The bottom panel shows
the difference between the two models. All maps are shown in units of
degrees.
each with a random angle depending on its distance, the net sum
is dramatically decreased. This is often referred to as “Faraday
depolarization”.
3. Faraday rotation models and corrections
The total polarization angle φλ of linearly polarized light due to
Faraday rotation, φRM, can be written as (e.g., Beck et al. 2013)
φλ = φ0 + φRM = φ0 + RM λ2, (1)
where φ0 is the intrinsic polarization angle of the source, RM is
the rotation measure in units of rad m−2, and λ is the wavelength
of the radiation. We consider two non-trivial models for the rota-
tion measure in this paper. The first model was presented as part
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Fig. 3. Subdivision of the S-PASS region according to an Nside = 4
HEALPix grid. The color range denote region number. A total of 95
sub-regions have more than 50 % coverage within the S-PASS mask,
and these form the primary basis for spatial localization in this paper.
of the S-PASS data release, and was derived through a joint fit
to the S-PASS, WMAP, and Planck data (Carretti et al. 2019).
The second model was presented by Hutschenreuter & Enßlin
(2019), which used a combination of extra-galactic point sources
and the Planck Commander free-free map to constrain the rota-
tion measure within a Bayesian framework. For completeness,
we also consider the trivial case in which no correction for Fara-
day rotation is applied, i.e., RM = 0. We will refer to these three
models as RM-SPASS, RM-HE, and RM-0, respectively.
Figure 2 compares RM-SPASS (top panel) and RM-HE
(middle panel) in terms of the predicted rotation angle at
2.3 GHz. The bottom panel shows the difference between the
two models. For both models we see that the predicted rotation
angle is quite large for low Galactic latitudes, and small relative
errors can therefore give large biases in a map that is rotated us-
ing these templates. It is also worth noting that the difference
between the two models is substantial not only at low Galactic
latitudes, but also at intermediate and high latitudes, at the level
of tens of degrees.
Note that the RM-SPASS model has many missing pixels
within the S-PASS region. These are pixels for which the S-
PASS collaboration considered their Faraday model unreliable,
and therefore did not provide an estimate. We also exclude these
pixels in all subsequent analyses involving this model.
Considering that the center frequencies of the two data sets
in question in this paper are 2.3 and 23 GHz, the predicted Fara-
day corrections for WMAP are roughly 100 times smaller than
for S-PASS. As such, they only reach a few degrees in the cen-
tral Galactic plane, and are negligible at high latitudes. For this
reason, we apply no corrections to WMAP.
Based on these models, we produce Faraday corrected ver-
sions of the S-PASS sky map by performing the following rota-
tion pixel-by-pixel,[
Qˆ
Uˆ
]
=
[
cos 2φRM sin 2φRM
− sin 2φRM cos 2φRM
] [
Q
U
]
. (2)
Here (Q,U) denote the observed Stokes parameters, and (Qˆ, Uˆ)
represent the Faraday corrected Stokes parameters. Note that the
sign is chosen such that the correction corresponds to a negative
rotation angle compared to those predicted by the model.
If the adopted model represents an accurate estimate of the
true sky, these Faraday corrections should improve the correla-
tions between the S-PASS and WMAP data. We therefore com-
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Fig. 4. Pearson correlation coefficient, r, evaluated between S-PASS
data and WMAP data in regions spanning 15◦ × 15◦. The WMAP data
are the same in all panels, while the S-PASS data are, from top to bot-
tom, 1) the un-corrected data RM-0; 2) Faraday corrected using RM-
SPASS map (Carretti et al. 2019); and 3) Faraday corrected using RM-
HM (Hutschenreuter & Enßlin 2019).
pute the mean Pearson correlation coefficient between these two
data sets for each of the three models as follows.
First, in order to trace spatial variations in both the syn-
chrotron spectral index and the quality of the Faraday rota-
tion model, we divide the full S-PASS sky region according
to Nside = 4 sub-regions, such that each region covers roughly
15◦ × 15◦. Along the edge of the S-PASS survey, some of these
regions are only partially filled, and we exclude any region for
which more than half of the 256 sub-pixels are excluded by the
survey geometry. A total of 95 sub-regions are retained by this
criterion, as shown in Fig. 3. For the RM-SPASS maps, there are
many missing sub-pixels, and we have chosen to exclude regions
where more than 75% of the sub-pixels are missing. Precise cen-
ter locations for each region are listed in Table 1.
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Fig. 5. Comparison of Stokes T–T plots for region 21 using different
Faraday correction models. Both Stokes Q and U parameters are in-
cluded in this figure, and the various symbols show 1) the un-corrected
RM-0 data (black); 2) the Faraday corrected data using RM-SPASS
(Carretti et al. 2019) (red), and 3) the Faraday corrected data using RM-
HM Hutschenreuter & Enßlin (2019) (blue, crosses). The red line is the
best-fit slope using RM-SPASS.
Second, for each region i, we compute the Pearson correla-
tion coefficient between the Faraday corrected S-PASS and the
WMAP sky maps, minimized over local coordinate system ori-
entations α, i.e.,
ri = min
α
∑
p∈i QWMAPp,α QˆS−PASSp,α√∑
p∈i QWMAPp,α QWMAPp,α ×∑p∈i QˆS−PASSp,α QˆS−PASSp,α , (3)
where
Qp,α = Qp cos 2α + Up sin 2α (4)
is the Stokes Q parameter for pixel p measured in a coordinate
system that is rotated by an angle α relative to the reference sys-
tem. Note that α = 0◦ corresponds to the unrotated Stokes Q
parameter, while α = 45◦ corresponds to Stokes U. The moti-
vation for performing this minimization procedure is simply to
ensure that r is measured in the coordinate system with mini-
mal signal-to-noise ratio. We will also perform a similar coordi-
nate system rotation when estimating the spectral index of polar-
ized synchrotron emission, as was also done in Fuskeland et al.
(2014).
Sky maps of r are plotted in Fig. 4 for each of the three
models; RM-0 (top panel), RM-SPASS (middle panel), and RM-
HE (bottom panel). The mean correlation coefficients averaged
across the sky are r0 = 0.04 ± 0.3, rS−PASS = 0.46 ± 0.2, and
rHE = 0.16± 0.3, respectively. Thus, while both RM-SPASS and
RM-HE improves the overall correlation between S-PASS and
WMAP, it is clear that the former yields an overall tighter agree-
ment between the two data sets. This is of course not unexpected,
considering the very different approaches taken by the two al-
gorithms, in particular recognizing the fact that RM-SPASS ex-
ploits WMAP data directly, while RM-HE does not.
As a direct visualization of the corrections introduced by
each of these models, Fig. 5 shows T–T scatter plots between the
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S-PASS and WMAP Stokes Q and U parameters for region 21.
Clearly, the correlation is visually tighter for RM-SPASS than
for either of the other two models, in agreement with the quanti-
tative results reported above.
Returning for a moment to Fig. 1, the third row shows the
S-PASS sky map after Faraday correction with the RM-SPASS
model, while the bottom row shows the difference between the
uncorrected and corrected S-PASS maps. Comparing the first
and third rows, we see that the agreement with WMAP signif-
icantly improves after applying the Faraday correction. Further-
more, comparing the two bottom panels, we note that the magni-
tude of the Faraday correction ranges between a few tens of per-
cent to a factor of several tens. It is non-negligible everywhere
on the sky, and is therefore essential to take into account in any
joint analysis that combines S-PASS data with other observa-
tions. Based on these findings, we adopt the RM-SPASS model
in the following.
4. Constraints on the spectral index of polarized
synchrotron emission
4.1. Formalism
Our main goal in this paper is to use the S-PASS observations to
constrain the spectral index of polarized synchrotron emission,
βs. This parameter is defined by assuming that the effective spec-
tral energy density of synchrotron emission follows a straight
power law over the frequencies of interest. That is, we assume
that the observed data, d, can be modeled as
dν(p) = A(p)
(
ν
ν0
)βi
+ nν(p), (5)
where dν(p) denotes a vector of the Stokes Q and U parameters
at frequency ν in pixel p; A is the amplitude of the signal at some
reference frequency ν0; βi is the spectral index in region i; and nν
denotes instrumental noise, which is typically assumed Gaussian
with zero mean and known (co-)variance.
For such a simple model, one of the most robust stan-
dard methods for estimating βs is through so-called T–T plots.
Fuskeland et al. (2014) applied this method to the WMAP 23
and 33 GHz data, instead of the WMAP 23 GHz and S-PASS
2.3 GHz data as we do here. We therefore refer the interested
reader to that paper for full algorithmic details, and summarize
only the main points here.
In the special case of noiseless data (n = 0), we see from
Eq. 5 that the spectral index βs may be estimated from only two
different data points through the following ratio,
dν1
dν2
=
(
ν1
ν2
)βs
=⇒ βs = ln(dν1/dν2 )ln(ν1/ν2) (6)
Analogously, for noisy data one may fit a straight line, y = ax+b,
to the distribution of pairs of observation, {dν1 (p), dν2 (p)}, and
compute βs via the slope of the fitted line,
dν1 (p) = a · dν2 (p) + b =⇒ βs =
ln a
ln(ν1/ν2)
(7)
This is called the T–T plot technique, and is a widely used tool in
radio astronomy. The only slightly subtle point in this procedure
is how to fit the straight line in the presence of noise in both data
sets. However, several algorithms have been developed for pre-
cisely this purpose, and we adopt the effective variance method
Table 1. Synchrotron spectral index for each region
Region Latitude Longitude Un-corr. Faraday-corr.
1 . . . . . . . . . . . . 53◦ 287◦ −3.17 ± 0.10 −
2 . . . . . . . . . . . . 53◦ 315◦ −3.21 ± 0.11 −
3 . . . . . . . . . . . . 50◦ 340◦ −3.50 ± 0.15 −3.27 ± 0.10
5 . . . . . . . . . . . . 42◦ 280◦ −3.22 ± 0.10 −
6 . . . . . . . . . . . . 42◦ 303◦ − −3.29 ± 0.09
7 . . . . . . . . . . . . 42◦ 327◦ −3.26 ± 0.08 −3.27 ± 0.09
8 . . . . . . . . . . . . 41◦ 349◦ −3.27 ± 0.18 −3.25 ± 0.06
11 . . . . . . . . . . . 30◦ 270◦ − −3.12 ± 0.04
12 . . . . . . . . . . . 30◦ 293◦ − −3.25 ± 0.13
13 . . . . . . . . . . . 30◦ 315◦ −3.29 ± 0.21 −3.19 ± 0.03
14 . . . . . . . . . . . 30◦ 338◦ −3.46 ± 0.15 −3.25 ± 0.03
15 . . . . . . . . . . . 20◦ 11◦ − −3.12 ± 0.13
17 . . . . . . . . . . . 20◦ 259◦ − −3.09 ± 0.06
18 . . . . . . . . . . . 20◦ 281◦ −3.27 ± 0.26 −3.15 ± 0.08
19 . . . . . . . . . . . 20◦ 304◦ − −3.07 ± 0.06
20 . . . . . . . . . . . 20◦ 326◦ − −3.22 ± 0.07
21 . . . . . . . . . . . 20◦ 349◦ − −3.19 ± 0.14
22 . . . . . . . . . . . 10◦ 360◦ − −2.80 ± 0.14
23 . . . . . . . . . . . 9◦ 21◦ − −3.02 ± 0.04
26 . . . . . . . . . . . 10◦ 270◦ − −3.07 ± 0.15
27 . . . . . . . . . . . 10◦ 293◦ −3.36 ± 0.11 −3.13 ± 0.06
28 . . . . . . . . . . . 10◦ 315◦ − −3.16 ± 0.03
29 . . . . . . . . . . . 10◦ 338◦ − −3.26 ± 0.13
32 . . . . . . . . . . . 0◦ 259◦ − −2.74 ± 0.07
33 . . . . . . . . . . . 0◦ 281◦ − −2.97 ± 0.07
34 . . . . . . . . . . . 0◦ 304◦ − −2.77 ± 0.14
35 . . . . . . . . . . . 0◦ 326◦ − −2.82 ± 0.13
36 . . . . . . . . . . . 0◦ 349◦ − −2.36 ± 0.20
37 . . . . . . . . . . . −10◦ 360◦ − −2.93 ± 0.08
38 . . . . . . . . . . . −10◦ 23◦ − −3.08 ± 0.10
39 . . . . . . . . . . . −10◦ 225◦ − −3.59 ± 0.12
41 . . . . . . . . . . . −10◦ 270◦ − −2.96 ± 0.21
43 . . . . . . . . . . . −10◦ 315◦ − −2.89 ± 0.34
44 . . . . . . . . . . . −10◦ 338◦ − −3.04 ± 0.11
45 . . . . . . . . . . . −20◦ 11◦ − −3.09 ± 0.10
46 . . . . . . . . . . . −20◦ 33◦ − −3.18 ± 0.05
48 . . . . . . . . . . . −20◦ 236◦ − −3.27 ± 0.09
50 . . . . . . . . . . . −20◦ 281◦ − −3.49 ± 0.05
52 . . . . . . . . . . . −20◦ 326◦ − −3.29 ± 0.04
53 . . . . . . . . . . . −20◦ 349◦ − −3.17 ± 0.06
54 . . . . . . . . . . . −30◦ 360◦ − −3.17 ± 0.14
55 . . . . . . . . . . . −30◦ 23◦ −3.35 ± 0.19 −3.13 ± 0.10
56 . . . . . . . . . . . −32◦ 43◦ −3.41 ± 0.25 −3.35 ± 0.08
58 . . . . . . . . . . . −30◦ 225◦ −3.29 ± 0.12 −
59 . . . . . . . . . . . −30◦ 248◦ − −3.28 ± 0.11
62 . . . . . . . . . . . −30◦ 315◦ −3.47 ± 0.17 −3.30 ± 0.08
63 . . . . . . . . . . . −30◦ 338◦ − −3.10 ± 0.15
64 . . . . . . . . . . . −42◦ 10◦ −3.25 ± 0.21 −3.24 ± 0.11
65 . . . . . . . . . . . −42◦ 33◦ −3.35 ± 0.15 −3.14 ± 0.08
66 . . . . . . . . . . . −45◦ 54◦ − −3.35 ± 0.22
70 . . . . . . . . . . . −42◦ 260◦ − −3.17 ± 0.02
71 . . . . . . . . . . . −42◦ 280◦ − −3.21 ± 0.12
73 . . . . . . . . . . . −42◦ 327◦ −3.37 ± 0.28 −3.23 ± 0.21
74 . . . . . . . . . . . −42◦ 350◦ − −3.21 ± 0.10
76 . . . . . . . . . . . −54◦ 45◦ −3.38 ± 0.14 −3.24 ± 0.09
77 . . . . . . . . . . . −58◦ 74◦ −3.36 ± 0.11 −3.31 ± 0.22
80 . . . . . . . . . . . −55◦ 255◦ − −3.19 ± 0.05
81 . . . . . . . . . . . −55◦ 285◦ − −3.24 ± 0.05
82 . . . . . . . . . . . −54◦ 315◦ − −3.30 ± 0.05
83 . . . . . . . . . . . −55◦ 345◦ −3.28 ± 0.28 −3.22 ± 0.07
84 . . . . . . . . . . . −67◦ 22◦ −3.23 ± 0.10 −3.30 ± 0.19
85 . . . . . . . . . . . −67◦ 68◦ −3.30 ± 0.03 −3.34 ± 0.14
86 . . . . . . . . . . . −69◦ 109◦ −3.42 ± 0.09 −
89 . . . . . . . . . . . −67◦ 248◦ −3.13 ± 0.15 −3.12 ± 0.04
90 . . . . . . . . . . . −67◦ 292◦ − −3.29 ± 0.12
91 . . . . . . . . . . . −67◦ 338◦ −3.32 ± 0.10 −3.31 ± 0.07
92 . . . . . . . . . . . −79◦ 45◦ −3.36 ± 0.03 −3.36 ± 0.02
93 . . . . . . . . . . . −79◦ 135◦ −3.40 ± 0.14 −3.40 ± 0.02
94 . . . . . . . . . . . −79◦ 225◦ −3.36 ± 0.14 −3.33 ± 0.06
95 . . . . . . . . . . . −79◦ 315◦ −3.38 ± 0.07 −3.38 ± 0.05
Mean S-PASS . . . . . − − −3.32 ± 0.02 −3.25 ± 0.01
BICEP2 . . . . . . . . −57◦ 315◦ −3.29 ± 0.13 −3.22 ± 0.06
SPIDER . . . . . . . . −58◦ 236◦ −3.34 ± 0.06 −3.21 ± 0.03
of Orear (1982), as implemented and described by Fuskeland
et al. (2014).
To obtain robust results that are independent of the orienta-
tion of the (Galactic) coordinate system used to pixelize the S-
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Fig. 6. T–T plots for Stokes Q and U for the un-corrected data (black, solid) and for the Faraday corrected data using RM-SPASS (red, dashed).
The lines are the fitted values of βtot. The yellow plots are where rSPASS < 0.2 or Npix < 64. Regions 1-48.
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Fig. 7. Spectral index as a function of rotation angle for the un-corrected data (black, solid) and for the Faraday corrected data (red, dashed). The
lines are the values of βtot. The yellow plots are where rSPASS < 0.2, or Npix < 64. Regions 1-48.
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Fig. 8. T–T plots for Stokes Q and U for the un-corrected data (black, solid) and for the Faraday corrected data using RM-SPASS (red, dashed).
The lines are the fitted value of βtot. The yellow plots are where rSPASS < 0.2 or Npix < 64. Regions 49-95.
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Fig. 9. Spectral index as a function of rotation angle for the un-corrected data (black, solid) and for the Faraday corrected data (red, dashed). The
lines are the values of βtot. The yellow plots are where rSPASS < 0.2 or Npix < 64. Regions 49-95.
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PASS and WMAP data, we marginalize over polarization angle,
similar to the procedure adopted for Faraday rotation assessment
in the previous section. That is, we rotate the original data sets
by an angle α into a new coordinate system by Eq. 4, consider-
ing all values of α between 0◦ and 85◦ in steps of 5◦. We then
estimate βs using the T–T plot approach for each value of α, and
report either the full function βs(α) or the corresponding inverse-
variance weighted mean
βtot =
∑18
i=1 βi/σ
2
i∑18
i=1 1/σ
2
i
, (8)
where σi is the uncertainty for a given value of α; see Eq. 14
in Fuskeland et al. (2014). These uncertainties are estimated by
adding the statistical and systematic uncertainties in quadrature,
and the systematic uncertainty is estimated using bootstrap sam-
pling. That is, we randomly draw 10 000 new data combinations
from the original data set, allowing duplicate points. Then the
spectral indices are calculated for each new data set, and the
standard deviation of this distribution is adopted as a systematic
uncertainty.
4.2. Results
We now apply the method outlined above for each of the 95 re-
gions defined in Fig. 3 to the Faraday-corrected S-PASS 2.3 GHz
and the WMAP 23 GHz sky maps. Figure 6 shows individual T–
T scatter plots for regions 1 through 48, for the Stokes Q and U
parameters. The un-corrected and the RM-SPASS Faraday cor-
rected data are shown as black and red points, respectively. The
best-fit straight lines when evaluating βi for all rotation angles
α and taking the inverse-variance weighted means, are shown as
solid black and dashed red lines. Regions for which Pearson’s
correlation coefficient is smaller than 0.2 are excluded from the
analysis, and no best-fit lines are indicated in these cases. Also
excluded are regions using the RM-SPASS data where more than
75% of the pixels are missing (Npix < 64). This results in a few
regions where only the un-corrected data are used (regions 1, 2,
5, 58 and 86). Both these types of excluded regions are flagged
with a yellow background in Figs. 6- 9.
We observe large variations between the different regions in
this figure. For instance, while regions 8 or 13 exhibit visually
obvious correlations between S-PASS and WMAP, others, like
regions 12 or 48, require detailed statistical analysis to pick out
a statistically significant correlation. Some regions show a large
overall scatter, indicating that there are large signal variations
inside these regions, while others are showing very small scatter,
and are dominated by instrumental noise.
Figure 7 shows the corresponding constraints on the spectral
index βi as a function of rotation angle α for the same set of re-
gions. Solid black points show results for uncorrected S-PASS
data, while dashed red points show results for the RM-SPASS
Faraday-corrected data. The horizontal lines indicate the respec-
tive inverse-variance weighted means.
Cases for which the black and red points agree closely pri-
marily correspond to regions in which the magnitude and impact
of the Faraday correction model is modest. This happens most
typically at high Galactic latitudes, where the Galactic magnetic
field is weak. The most typical case, however, is that the red
points exhibit better coherence than the black points, suggest-
ing that the Faraday correction is both significant and beneficial.
Corresponding results for regions 49–95 are shown in Figs. 8
and 9.
s
-3.5 -2.5
Fig. 10. Spatial distribution of the polarized synchrotron spectral index
between the Faraday-corrected S-PASS 2.3 GHz and WMAP 23 GHz
data. Only regions for which the Pearson correlation coefficient is r >
0.2 are shown.
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Fig. 11. Polarized synchrotron spectral index as a function of the ab-
solute value of latitude for the Faraday-corrected data (RM-SPASS).
Regions at the same latitude are combined by estimating the inverse-
variance weighted mean. Only regions for which the Pearson corre-
lation coefficient is r > 0.2 are included. The horizontal line shows
the inverse-variance weighted mean values of all regions, βRM−SPASS =
−3.25.
Region 73 is an example of another interesting case. Here we
observe large drifts as a function of rotation angle, but with very
small uncertainty at each individual angle. Statistically speak-
ing, there is a 3–4σ discrepancy between the spectral indices ob-
served at α = 10◦ and 70◦, with values ranging between β = −3.1
and −3.5. Taken at face value, this could in principle be inter-
preted as evidence for statistically significant variations in the
spectral indices of the two Stokes parameters, Q and U, which
is entirely possible from a physical point-of-view: Local align-
ment with the Galactic magnetic field or true spatial variations
along each line-of-sight are only two physical effects that could
create such a signal. However, very large variations are difficult
to interpret in terms of physical variations in the local electron
energy distribution.
A more plausible explanation is that the Faraday rotation
model is inaccurate. Errors in the Faraday model may rotate
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Fig. 12. Results for the BICEP2 (left) and SPIDER (right) regions. The blue values are from Fig. 9 in Fuskeland et al. (2014) using the T–T plot
method between the WMAP 23 GHz and 33 GHz data.
the low-frequency signal both in or out of phase with the high-
frequency signal, resulting in either too shallow or too steep
spectral index estimates. For this reason, we conservatively
adopt
σβ ≡ (max
α
β(α) −min
α
β(α))/2 (9)
as our final systematic estimate of the uncertainty on β, eval-
uated separately for each region. This takes Faraday modeling
errors into account, and is added in quadrature to the uncertainty
defined by the inverse variance weighted average, which takes
into account statistical uncertainties.
Final spectral index estimates for each region with correla-
tion coefficients higher than 0.2, as defined by Eq. 3 and shown
in Fig. 4, are listed in Table 1. Without Faraday correction, this
includes 29 regions, while with RM-SPASS-based Faraday cor-
rection a total of 65 regions exceed the cut criterion. Inverse-
variance weighting of the estimates for all regions yields a full-
sky average of β = −3.25 ± 0.01 with Faraday corrections and
β = −3.32 ± 0.02 without Faraday correction. These results
are in excellent agreement with corresponding constraints de-
rived from S-PASS and WMAP by Krachmalnicoff et al. (2018)
using power spectra as their primary tool, reporting a full-sky
average spectral index for polarized synchrotron emission of
β = −3.22 ± 0.08.
Fig. 10 shows the spatial distribution of the mean spectral
index of polarized synchrotron emission for each accepted re-
gion. Here we clearly see a statistically significant and system-
atic spatial variation in βtot, in the form of index steepening from
low to high galactic latitudes. To quantify this observation fur-
ther, we plot in Fig. 11 the average spectral index as a func-
tion of the absolute value of the Galactic latitude, |b|. Within
each latitude bin, the various spectral indices have been inverse-
variance weighted to produce a joint estimate, adopting the same
methodology as described above for the full-sky average. Based
on these measurements, we find that the spectral index typically
range between βs = −2.7 and −2.9 along the Galactic plane,
and between βs = −3.1 and −3.3 at high Galactic latitudes.
Qualitatively speaking, this general behavior is in good agree-
ment with the conclusions of numerous previous analyses, in-
cluding Kogut et al. (2007); Fuskeland et al. (2014); Krachmal-
nicoff et al. (2018), all reporting significant steepening from low
to high Galactic latitudes.
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4.3. Polarized synchrotron emission in the BICEP2 and
SPIDER fields
Before concluding, we consider two special cases of particu-
lar interest with respect to current and upcoming constraints on
the tensor-to-scalar ratio, namely those corresponding to the BI-
CEP2 (BICEP2 Collaboration et al. 2018) and SPIDER (Nagy
et al. 2017) fields. The BICEP2 field is defined approximately by
a rectangle in celestial coordinates spanning −40◦ < RA < 40◦,
−65◦ < dec < −50◦, and covers about 1 % of the sky. The cen-
tral part of the SPIDER field is defined by 30◦ < RA < 70◦,
−55◦ < dec < −15◦, and covers about 8 % of the sky.
The top panels of Fig. 12 show T–T plots between the Fara-
day corrected S-PASS and the WMAP data for each of these
two fields. A strong correlation is observed in both cases. The
bottom panels show corresponding βs(α) results for each field,
and here we see that βs is well constrained for any value of α,
suggesting that the final spectral index estimates is robust with
respect to both instrumental effects and modeling errors. As re-
ported in the bottom of Table 1, the mean spectral indices are
βBICEP2 = −3.22±0.06 and βSPIDER = −3.21±0.03, respectively.
For the BICEP2 field, the blue points show similar constraints
derived from the WMAP 23 and 33 GHz data, as reported by
Fuskeland et al. (2014); these are in good agreement with the
new estimates, only with a lower signal-to-noise ratio. This pre-
vious analysis did not contain any analysis of the SPIDER field.
These estimates may be used to predict the absolute level
of polarized synchrotron emission at 90 and 150 GHz, the two
primary CMB frequencies for both BICEP2 and SPIDER, by
extrapolating the observed synchrotron amplitude at 23 GHz.
To do this, we first compute two independent WMAP K-band
“half-mission” maps by co-adding WMAP observation years 1–
4 (HM1) and 5–9 (HM2), respectively. We smooth each map
to an effective angular resolution of 2◦ to suppress uncorrelated
noise. Next, we form an unbiased estimate of the square of the
polarization amplitude per pixel by cross-correlating the two
half-mission maps,
Pˆ2 = QHM1QHM2 + UHM1UHM2. (10)
Note that because Pˆ2 is estimated as a cross-product between
two half-mission maps, it can take on negative values. However,
this can only happen due to Pˆ2 anti-correlated noise fluctuations,
and not true signal variations. We therefore estimate the linear
polarization amplitude as
Pˆ =
√
max(Pˆ2, 0), (11)
which is strictly positive. This quantity does not have a system-
atic noise bias due to auto-correlations, but only from the posi-
tivity prior, which is relevant only in low signal-to-noise regions.
We can now estimate the polarization amplitude at 90 and
150 GHz by extrapolating Pˆ from WMAP K-band (22.45 GHz),
by scaling according to a power law model in brightness temper-
ature, while properly accounting for unit conversions between
brightness and thermodynamic units. The total extrapolation fac-
tor is given by
f (ν) =
g(ν)
g(22.45 GHz)
(
ν
22.45 GHz
)βs
, (12)
where g(ν) = (ex − 1)2/x2ex, x = hν/kTCMB is the conversion
factor between brightness temperature and thermodynamic tem-
perature units; h and k are the Planck and Boltzmann constants;
and TCMB = 2.7255 K is the CMB temperature (Fixsen 2009).
Table 2. Predictions for polarized synchrotron emission in the BICEP2
and SPIDER fields at a smoothing scale of 2◦ FWHM, based on WMAP
23 GHz and S-PASS. The top section shows mean and standard devi-
ation for the full map at 2◦ FWHM smoothing scale, while the bottom
section lists standard deviations for the difference between Pˆ smoothed
to 2◦ and 10◦ FWHM. The mean for the latter is consistent with zero for
both fields, due to instrumental noise in the WMAP 23 GHz map.
Frequency (GHz) PˆBICEP2 (µK) PˆSPIDER (µK)
Mean and RMS polarization amplitude of Pˆ(2◦)
23 . . . . . . . . . 18 ± 6 7 ± 5
90 . . . . . . . . . 0.25 ± 0.08 0.10 ± 0.07
150 . . . . . . . . . 0.069 ± 0.023 0.026 ± 0.019
RMS polarization amplitude difference of Pˆ(2◦) − Pˆ(10◦)
23 . . . . . . . . . 2.4 3.4
90 . . . . . . . . . 0.03 0.05
150 . . . . . . . . . 0.009 0.013
BICEP
SP
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ER
0 10 100
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ER
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µK
Fig. 13. (Top:) WMAP K-band polarization amplitude, Pˆ, estimated by
cross-correlating two half-mission maps, smoothed to an effective an-
gular resolution of 2◦ FWHM. (Bottom:) Same as above, but after band-
pass filtering to including only scales between 2◦ and 10◦, highlighting
structures between ` ≈ 20 and 100.
The resulting WMAP 23 GHz Pˆ map is shown in the top
panel of Fig. 13, with the BICEP2 and SPIDER regions indicated
by black lines. The bottom panel shows the same map, but after
subtracting itself smoothed to 10◦ FWHM, thereby highlighting
multipole moments between ` ≈ 20–100, or angular scales be-
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tween 2◦ and 10◦. The mean and standard deviation of the full
map is
〈
Pˆ
〉
= 18± 6 µK within the BICEP2 region, and 7± 5 µK
within the SPIDER region. Thus, the BICEP2 region has sig-
nificantly higher polarized synchrotron emission levels than the
SPIDER field, but most of this is only detectable on large an-
gular scales. For the bandpass filtered map, both regions have
a mean consistent with zero, while the variances are 2.4 µK for
the BICEP2 region, and 3.4 µK for the SPIDER region. These
values largely reflects the instrumental noise level of the WMAP
23 GHz map, and they therefore only correspond to upper limits
on the synchrotron level in these fields, not a determination of
the actual synchrotron variation within each field.
Table 2 lists the extrapolated predictions for each region and
multipole range, based on the mean spectral indices derived
above. To set those values in context, we note that a tensor-
to-scalar ratio of r = 0.1 induces a large-scale B-mode signal
with standard deviation equal to 0.08 µK at a smoothing scale
of 2◦ FWHM, while a ratio of r = 0.01 induces a B-mode stan-
dard deviation of 0.02 µK. After high-pass filtering, the polarized
synchrotron contribution is therefore constrained to r . 0.02 at
90 GHz and r . 0.005 at 150 GHz for either field, within a small
factor depending on the local noise properties of the WMAP sur-
vey.
5. Conclusions
In this paper we have constrained the spectral index of polar-
ized synchrotron emission by correlating the recently released
S-PASS 2.3 GHz data with the 9-year WMAP 23 GHz observa-
tions. This analysis has been performed using a simple but robust
T–T technique, directly correlating the two maps in pixel space,
and averaging over 15◦×15◦ regions. We find that the spectral in-
dex of polarized synchrotron emission steepens from βs ≈ −2.8
at low Galactic latitudes to βs ≈ −3.3 at high Galactic latitudes,
in good agreement with several previous analyses.
A similar study based on the same data combination has al-
ready been reported by Krachmalnicoff et al. (2018). The main
fundamental difference between the two analyses lies in the dif-
ferent treatments of Faraday rotation. While the former analysis
did not explicitly correct for this effect, but instead masked out
regions for which the effect was considered dominant, we ac-
tively correct the S-PASS observations prior to correlation with
WMAP. We have considered two different models of the rotation
measure for this purpose, namely the one presented by the S-
PASS team derived directly from S-PASS, WMAP and Planck,
and one produced by Hutschenreuter & Enßlin (2019) based on
extra-galactic point sources and the Planck free-free map. While
both models have an overall positive effect on the correlation be-
tween S-PASS and WMAP, the former results in a significantly
higher correlation. This is expected, given its much closer con-
nection with the data sets in question. Despite this important dif-
ference, we find that our results are in good qualitative agree-
ment with those reported by Krachmalnicoff et al. (2018) at high
Galactic latitudes. However, we do believe that our results are
more robust at low Galactic latitudes due to the explicit Faraday
corrections employed in our analysis.
These results are important for future constraints on the
tensor-to-scalar ratio, as they provide insight on the overall level
of spatial variations in the synchrotron spectral index. As an ex-
ample, we applied our new constraints to estimate the level of
synchrotron emission in the BICEP2 and SPIDER regions. Over-
all, we conclude the level of synchrotron emission on interme-
diate angular scales in these fields are constrained to r . 0.02
at 90 GHz and r . 0.005 at 150 GHz, where the upper limits
are dominated by the noise properties of WMAP. Synchrotron
emission is therefore unlikely to pose a serious challenge in the
near future. However, if all angular scales are considered, then
the polarized synchrotron amplitude in the BICEP2 field corre-
sponds to a tensor-to-scalar ratio of r & 0.2. This difference be-
tween large and intermediate angular scales highlights the addi-
tional challenge required in order to detect the B-mode signal at
very large angular scales, as is the target for future satellite mis-
sions such as LiteBIRD. Ultimately, ancillary information from
ground-based low-frequency experiments such as S-PASS may
play a very useful role in achieving this goal.
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